The quantification of stray load losses such as circulating-current loss in armature windings and in-plane eddycurrent loss in electrical steel sheets is important for developing rotating machines with high efficiency. The circulatingcurrent loss in parallel-connected armature windings is analyzed by using the two-dimensional finite element method. We investigate the losses caused by the in-plane eddy-current in the stator cores of permanent-magnet synchronous machines by using the three-dimensional finite element method. The influences of the coil-end structure, skew structure, and carrier harmonics of a pulse-width-modulated inverter on the in-plane eddy-current loss in the stator core are described. The accuracy of the analyses is confirmed through comparison with experimental results.
Introduction
Permanent-magnet synchronous machines are widely used because of their higher efficiency when compared with induction machines. The efficiency of permanent-magnet synchronous machines can be further improved by estimating the various losses occurring in the machine with high accuracy. In order to calculate the iron loss accurately, some papers reported an improved analysis method that uses twodimensional (2D) finite element method (FEM) to consider, for example, the carrier harmonics and mechanical stress (1) . However, 2D FEM is inappropriate when the magnetic flux flow is along the stacking direction. In other words, threedimensional (3D) FEM is necessary.
In order to achieve higher efficiency, the iron loss analysis needs to be improved and stray load losses such as the circulating-current loss in the armature windings and inplane eddy-current loss in the stator core need to be quantified. Some papers have used the homogenization technique to evaluate the loss at each armature wire (4) - (7) . However, few papers have reported on the influence of the position of each wire in the stator slot on the estimated circulating-current loss in parallel-connected armature windings. Some papers have examined the in-plane eddy-current loss (2) (3) . However, to the a) Correspondence to: Hideki Ohguchi. E-mail: ohguchi@tsc.utokai.ac.jp * Tokai University 4-1-1, Kitakaname, Hiratsuka, Kanagawa 259-1292, Japan * * Fuji Electric Co., Ltd.
1, Fuji-machi, Hino, Tokyo 191-8502, Japan * * * Chiba Institute of Technology 2-17-1, Tsudanuma, Narashino, Chiba 275-0016, Japan best of the authors' knowledge, few papers have reported on the influences of the coil-end and skew structures and carrier harmonics of a pulse-width-modulated (PWM) inverter on the in-plane eddy-current loss in the stator core. The circulating-current loss in the parallel-connected armature windings considering the position of each wire and the in-plane eddy-current loss in the stator core considering the carrier harmonics of the PWM inverter have been reported in (8) . This paper showed that the in-plane eddy-current loss of analyzed machine cannot be ignored in some machines. However, the detail of the in-plane eddy-current loss in the stator core has not been described in the paper.
The purpose of this study is to clarify the behaviors of the losses caused by the in-plane eddy-current in the stator cores of permanent-magnet synchronous machines by using 3D FEM. Because the in-plane eddy current loss is caused by the flux in the axial direction, the coil-end and skew structures are possible candidates for the causes of the increase in this loss. The influence of carrier harmonics can be also important for this loss, because eddy-current loss increases drastically with the increase in frequency. In this study, the loss caused by the circulating current in the parallel-connected armature windings when each wire in the stator slot is considered is first estimated by using 2D FEM, because this component is essential for the accurate estimation of total loss in the analyzed machine. Second, the in-plane eddy-current loss of two coil-end structures is analyzed. The conventional model assumes that the coil-ends are perpendicular to the symmetry boundary to simplify the calculation. However, the leakage flux of the coil ends is not sufficiently considered under this assumption. For example, the leakage flux of the wires passing over the stator core is ignored. Such leakage flux can be considered if the coil-ends are connected from one slot to another. Third, two skew structures are compared-a stator continuously skewed by one slot pitch and a step-skewed rotor. Fourth, the influence of the carrier harmonics induced by the PWM inverter is examined. Finally, the total electrical losses obtained by the analytical and experimental results are compared to confirm the validity of the proposed model.
Circulating-current
Loss in Parallelconnected Armature Windings
The circulating-current loss in the parallel-connected armature windings considering the eddy current in each wire is analyzed by using 2D FEM as described in (10) . In this analysis, a voltage source is connected to the machine. Figure 1 shows the finite element model for the analysis, and Fig. 2 shows the wire positions. Figure 3 indicates the wire connection in the armature windings. This machine has 10 turn wires per slot, and each turn consists of 26 wires. Wires with the same number in Fig. 2 are connected in series, whereas wires with different numbers are connected in The circulating-current loss in the parallel-connected armature windings is analyzed considering the driving by the PWM inverter. Figure 4 and Fig. 5 show the flux distribution in the slot and the wire loss distribution at 100% load, respectively. This machine has significant amount of slot leakage flux and it is concentrated at the slot opening side. This indicates that relatively large electromotive force is generated in the parallel circuit that comprises wire 1 and 26 in each turn, particularly in A in Fig. 2 . In addition, the wire loss density of several wires increase with the increase in the circulating currents. In particular, the wire loss density close to the slot opening is larger than that of other wires because of the eddy-current loss of the wire caused by the slot leakage flux. The reason for the generation of large slot leakage flux will be discussed in another paper. Figure 6 shows the classical armature copper loss, which is calculated from the armature current and armature resistance, and the circulating-current loss in the parallel-connected armature windings. In this figure, the value of the classical armature copper loss is set to 1 p.u. The circulating-current loss in the parallel-connected armature windings is approximately 2.4 times as much as the classical armature copper loss.
In-plane Eddy-current Loss in the Stator Core

Influence of the Coil-end Structure
In order to accurately evaluate the in-plane eddy-current loss, the lamination structure and skin effect need to be considered in the analysis model. Because it is time-consuming to create a model considering the lamination structure and carry out the calculations, the homogenization method (11) is used in this paper. This method requires the electrical conductivity in the in-plane and the stacking directions. The electrical conductivity in the in-plane direction is set to the value in the catalog. Because the laminated core is insulated in the stacking
In-plane Eddy-current Loss of PM Machines Hideki Ohguchi et al. Table 1 . Machine specifications direction, the electrical conductivity in this direction should be set to zero in the analysis. However, this makes the convergence of the calculation worse, leading to unrealistic calculation time. The electrical conductivity in this direction is thus set to 1/5000 of the in-plane conductivity as recommended by the software vendor. Table 1 summarizes the specifications of the analyzed machine. Figures 7(a) and (b) show the coil-end structures of the conventional coil-end model without connected windings and the one with connected windings, respectively. Figure 8 shows one part of the coil ends shown in Fig. 7(b) , where region B is the part of the wire passing over the stator core. Table 2 summarizes the analysis specifications. Figure 9 shows the contour plots of the Joule loss density of the stator cores when the rated sinusoidal current flows in the armature windings at the time step when the maximum Joule loss is generated. The most important finding from this figure is that the Joule loss density at the edge of the core is much higher than that in the other regions. This leads to a speculation that this loss depends on the leakage flux from the coil end and thus on the coil-end structure. The in-plane eddy-current loss at the edge of the stator core, especially of the teeth, in the model with connected windings would be more than that in the conventional coil-end model without connected windings, if the leakage flux from region B flew into the stator core. However, Figs. 9(a) and (b) indicate that the Joule loss distribution is not affected by the coil-end structure. This implies that the leakage flux from region B hardly reaches the stator core because the permeability of air is much lower than that of electrical steel sheets. The inplane eddy-current loss at the edge of the stator core should be thus ascribed to the leakage flux of the other regions of the coil ends near the stator core (region A in Fig. 7(a) and A' in (b)). In other words, the influence of region B, the part of the wires passing over the stator core, on the in-plane eddy-current loss can be ignored. Figure 10 shows the total in-plane eddy-current losses of the two models. The total inplane eddy-current loss in Fig. 10(a) is set to 1 p.u. The total amount of the in-plane eddy-current loss is also independent of the coil-end structure.
Influence of the Skew Structure
In this subsection, the in-plane eddy-current losses of two machines with different skew structures are compared. The first one is composed of a rotor core without skewing and a continuously skewed stator core shown in Fig. 11(a) . The slots are skewed by one slot pitch. The other machine is composed of a stepskewed rotor core shown in Fig. 11(b) and a stator core without skewing. The rotor core consists of two parts-upper Table 3 . Discretization data of the step-skewed rotor machine • . For the analysis of the latter machine, the conventional coil-end model shown in Fig. 7(a) is used because this coil-end structure is simple and conventionally used in 3D analysis. Table 3 summarizes the analysis specifications of the step-skewed rotor machine.
Figures 12(a) and (b) show the contour plots of the Joule loss density of the stator cores at the time step when the maximum Joule loss is generated. These figures indicate that, although the distributions of the Joule loss density at the center of the stator core in these two models are different from each other and that around the boundary of the step skew changes discontinuously, the Joule loss density of the stator core at the edge and the two teeth shown by the squares in Fig. 12 are higher than that of the other regions in both models. Figure 13 shows the total in-plane eddy-current losses of the two machines. This figure demonstrates that the total amount of the in-plane eddy-current losses for these models are almost the same as each other. This implies that the influence of the axial structure of the rotor and stator cores, including the skew structure, on the in-plane eddy-current loss is not significant in this machine. Table 4 summarizes the analysis specifications for the Table 4 . Discretization data for the carrier harmonics. influence of the carrier harmonics. The current waveforms for the case where the machine is driven by a PWM inverter are simulated with a circuit simulator PSIM. Figure 14 shows the simulated current waveforms of the armature windings. The amplitude of the fundamental component is set to 1 p.u. In this calculation, the model with the connected windings shown in Fig. 7(b) is used, although the conventional coilend model shown in Fig. 7 (a) should be used as in subsection 3.2. The reason for that is to reduce the computational time. Table 2 shows that the computational time of the model with the connected windings is only 20% of that for the conventional coil-end model. Figure 15 shows the contour plot of the Joule loss density for the simulated current waveforms of the PWM inverter at the time step when the maximum Joule loss is generated. The Joule loss density at the teeth is almost the same as that at the edge of the stator core in the case of the sinusoidal current, as seen in Fig. 12(a) . In contrast, the Joule loss density at the edge is higher than that at the teeth in the case of the current of the PWM inverter, as seen in Fig. 15 . Therefore, the main factor for the increase in the in-plane eddy-current loss for the current of the PWM inverter is the leakage flux of the carrier harmonic component at the coil ends. Figure 16 shows the total in-plane eddy-current losses for the two current waveforms. The amount of the in-plane eddycurrent loss for the current of the PWM inverter is 1.8 times more than that for the sinusoidal current.
Influence of the Carrier Harmonics of the Inverter
Total Electrical Losses
Figure 17 compares the total electrical loss obtained from the experiment and the analysis (8) . The hysteresis and eddycurrent losses of the stator and rotor cores are calculated from the time variation of the flux density by using the method described in (9) . The carrier harmonics of the inverter are considered in these loss analyses. The analytical value is approximately 50% less than the experimental one if the in-plane eddy-current loss in the stator core, the circulating-current loss in the parallel-connected armature windings, and the armature winding eddy-current loss are not considered. When these losses are considered, the difference of the total loss between the experiment and the analysis is only 7% of the experiment, indicating the importance of these losses in this machine. Because experimental separation of these losses is difficult, these losses are regarded as a part of the iron loss and/or the stray load loss in the experiment.
Conclusions
The behaviors of the losses caused by the in-plane eddy current in the stator cores of permanent-magnet synchronous machines by using 3D FEM are described in this paper. In detail, this study examined the influences of the coil-end and skew structures and carrier harmonics of a PWM inverter on the in-plane eddy-current loss in the stator core. The findings of the analyzed machine are as follows:
( 1 ) The in-plane eddy-current loss at the edge of the core is much higher than that in the other regions in the analyzed machine. However, the influence of the part of the wires passing over the stator core on the in-plane eddy-current loss can be ignored. ( 2 ) The axial structure of the rotor and stator cores, including the skew structure, on the in-plane eddycurrent loss is not significant in the analyzed machine. ( 3 ) Carrier harmonics drastically increases the in-plane eddy current loss. The main factor for the increase in this loss is the leakage flux of the carrier harmonic component at the coil ends. ( 4 ) The circulating-current loss in the armature windings and in-plane eddy-current loss in the stator core considering carrier harmonics are essential for the accurate estimation of the total electrical loss of the analyzed machine. Reducing the losses of electrical machines by using the calculation methods of the circulating-current loss in the parallel-connected armature windings and the in-plane eddycurrent loss shown in this paper are interesting future topics.
